In haplorhine primates, when the effect of body weight is removed, brain weight is correlated with maximum recorded life-span. In this paper we have analyzed the relationships between volumes of specific brain structures and life-span. When the effect of body weight is removed, the volumes of many brain structures are significantly, positively correlated with maximum recorded life-span. However, the volumes of the medulla and most frwst-order sensory structures do not correlate with life-span. The cerebellum is the brain structure that best correlates with life-span. Parts of the cerebellum are particularly vulnerable to age-related loss of mass in humans. For another measure of the life cycle, female reproductive age, a similar set of brain structures is significantly, positively correlated (again with the exceptions of the medulla and most first-order sensory structures). There are some differences between the structures correlated for life-span and female reproductive age. For example, the hippocampus and lateral geniculate nucleus correlate with female reproductive age but do not correlate with life-span. In strepsirhine primates, when the effect of body weight is removed, total brain weight does not significantly correlate with either life-span or female reproductive age. However, the volumes of some brain structures in strepsirhines do correlate with these life-cycle parameters. The centromedial complex of the amygdala is the only structure to correlate with life-span in both strepsirhine and haplorhine primates. This structure participates in the regulation of blood pressure and in the stress response, which may be key factors governing life-span.
In a previous study (1), we found in haplorhine primate species (tarsiers, monkeys, apes, and humans) that brain weight is correlated with maximum recorded life-span and female average age of first reproduction when the effect of body size is removed. In strepsirhine primates (lorises and lemurs) there is no statistically significant correlation between brain weight and either life-span or female reproductive age. The purpose of this paper is to examine the relationships between the volumes of specific brain structures and both life-span and female reproductive age.
MATERIALS AND METHODS We used maximum recorded life-span because it should measure under ideal circumstances the genetic potential for longevity for each species. To find the maximum recorded life-spans, we obtained data from 138 zoos and research institutions throughout the world. We used the same life-span data as in our previous paper (1); due to space limitations, we shall publish the life-span records separately. The maximum recorded human life-span was obtained from MacFarlan (2) .
Volumes of brain structures were obtained from the quantitative studies of Stephan and his coworkers (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . We used data on female average age at first reproduction from a published list compiled by Ross (14) . Data on diet were obtained from the book Primate Societies (15) . We used SYSTAT 5.2 to assist us in the statistical analysis.
As in the previous paper (1), we removed the effect ofbody weight by plotting the base 10 logarithm of the parameter in question (such as brain-structure volume or life-span) against the base 10 logarithm of body weight. The distance in the y dimension between the regression line and each data point was added to 1, giving a value >1 for points that fall above the line and <1 for points that fall below the line. This value is the residual value for each species. The addition to 1 was used to make all residual values positive. We used the least-squares regression as the basis for calculating brain and life-span residuals because this procedure removes the effect of body size plotted along the x axis (16) . We have sought to determine to what degree these residuals for primate species are correlated, using a Pearson correlation. In the following discussion, n is the sample size, r is the Pearson correlation coefficient, and P is the probability associated with the x2 test of the significance of the correlation. Because the human brain-structure volumes and life-span are much greater than those of the other haplorhines, we have calculated the r and P values with and without the human in the haplorhine data set. In Table 1 the n, r, and P values calculated without the human are enclosed in parentheses.
RESULTS
Brain Structures and Life-Span in Haplorhines. Correlations between the residuals for various parameters and the residuals for maximum life-span and average female age at first reproduction in haplorhine primates are presented in Table 1 . When the effect of body weight is removed, many brain structures are significantly, positively correlated with life-span with the conspicuous exceptions of the medulla and most first-order sensory structures, such as the main and accessory olfactory bulbs, the lateral geniculate nucleus, and the vestibular nuclei. Plots of cerebellum, neocortex, amygdala, and hypothalamus residuals relative to life-span in haplorhine primates are illustrated in Fig. 1 . One structure, the subcommissural organ, is significantly negatively correlated with life-span in haplorhines. So little is known about this ependymal structure that we cannot offer any interpretation for its negative correlation with life-span (18 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (23) 24 (23) 24 (23) 26 (25) 25 (24) 25 (24) 25 (24) 25 (24) 26 (25) 26 (25) 15 (14) 26 (25) 15 (14) 23 (22) (17) Proc. Natl. Acad Sci. USA 90 (1993) life-span. By contrast, the hippocampus and lateral genicuamygdala (see Fig. 2 0.033), the vestibular complex as a whole (n = 9, r = -0.711, P = 0.032), and the medial (n = 9, r = -0.741, P = 0.023) and lateral (n = 9, r = -0.788, P = 0.012) vestibular nuclei considered separately are significantly, negatively correlated with female reproductive age. These structures are larger in early maturing strepsirhine primates.
DISCUSSION
The brain is a mosaic with respect to the life-cycle parameters of maximum recorded life-span and female reproductive age. When the effect of body weight is removed, the medulla and most first-order sensory structures are not correlated with either life-span or female reproductive age in haplorhine primates. Presumably these structures have little to do with the lifelong storage of information that might enhance survivability. Many other brain structures are correlated with both measures of the adult life cycle, which agrees with our findings for the brain as a whole (1) . The correlated cortical and cerebellar structures probably do participate in the long-term memory storage that might be used to survive critical changes in the animal's environment that might be expected to occur during a long life-span (1).
The cerebellum is the brain structure that is best correlated with life-span, and it is intriguing to note that parts of the cerebellum undergo substantial age-related reduction in mass (19) . Data from a recent magnetic resonance imaging study suggest that there is a 25-30% shrinkage of the declive, folium, tuber, and pyramis lobes of the cerebellar vermis from age 20 to age 70 (19) . Cerebellar Purkinje cells are particularly vulnerable to destruction in alcoholics but also show age-related loss in subjects without a history of alcohol intoxication (20) . Purkinje cells maintain a high level of spontaneous activity (21) , which may be responsible for their vulnerability to toxins and other pathophysiological states. We speculate that in the normal course oflife, primates might be exposed to toxins in their diet that would cause the loss of Purkinje cells and cerebellar mass. Because loss of cerebellar function would be strongly selected against in tree-dwelling primates, there might be an over-production of cerebellar neurons during development to compensate for loss due to exposure to dietary toxins during the course of life.
By contrast, the hippocampus and the lateral geniculate nucleus significantly correlate with female reproductive age but do not correlate with life-span. We have no explanation for these apparently anomalous findings. Fig. 1 .
The centromedial complex of the amygdala is the only structure to correlate with life-span in both strepsirhine and haplorhine primates. However, it should be noted that statistical significance of the haplorhine correlation depends on inclusion of the human data point. The correlation is significant for primates as a whole (including the human, r = 0.544, P = 0.001; without the human, r = 0.411, P = 0.013). The medial part of amygdala, including this structure, contains many senile plaques in old rhesus monkeys (22) , degenerates in Alzheimer disease (23, 24) , and has even been suggested as the initial site of degenerative changes in Alzheimer disease (24) . The centromedial complex of the amygdala is the principal source of amygdalar input to the hypothalamus and, thus, is a major source of telencephalic input to the neuroendocrine system (25, 26) . The central nucleus of the amygdala participates in the regulation of blood pressure and the stress response (26) (27) (28) . Disruption of these regulatory functions, as a consequence of degeneration of the centromedial complex ofthe amygdala, could be crucial to the aging process and a key factor in determining life-span.
